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Introduction
Polyphenolic compounds are widely distributed in plants [1, 2] . They have potential beneficial effects on human health in the prevention of chronic and degenerative diseases where free radicals are involved [3 -5] . Flavonoids have long been recognized to possess anti-hepatotoxic, anti-inflammatory, anti-atherogenic, anti-allergic, antiosteoporotic and anti-tumor (anti-cancer) activities due to their free radical scavenging abilities [6 -10] . Although free radicals may have useful physiological functions [11, 12] , they can damage bio-molecules when generated in excess, being therefore implicated in the aetiology of several diseases and ageing [13] . The chelating ability of flavonoids with metal ions has a role in the diagnosis and treatment of diseases [13 -18] . It has been reported that Ln(III) complexes have been used as contrast agents in magnetic resonance imaging and for expending employment in nuclear medicine [19 -26] . The paramagnetic nature of lanthanide (III) ions (except La) shows induced substantial chemical shifts in the 1 H NMR of ligands, the signals of the protons located in the vicinity of the metal center are due to the vibronic coupling of the central ion with its ligands [21, 26] . Such frequency shifts have been the subject of NMR studies [21 -26] , and have led to the widespread use of paramagnetic lanthanide complexes as NMR shift reagents [20,22 -28] . The effect of lanthanide (III) ions on both chemical shifts and relaxation time of the different nuclei of organic ligands give information on the chelation of the ligand, type, stoichiometry and geometry of the complexes in solution.
Recently, it has been reported that the interaction of quercetin with trivalent lanthanides in methanol solution yields complex species of the type [Ln(quercetin) 3 Á 6H 2 O] in which both the coordinated and non-coordinated lattice water molecules are present, making the lanthanides eight-coordinated [15] . In the present work, we investigate in detail the spectroscopic and molecular modeling studies of Ln-tris(quercetin) complexes.
Experimental

Materials
Lanthanide oxides (99.9%, Lieco Chemicals, USA) are converted to their corresponding chlorides. Quercetin dihydrate methanol (99.9%, Sigma-Aldrich, USA), xylenol orange (SD Fine Chemicals) and EDTA (BDH) were used as such in this study. 3 nH 2 O complexes. The complexes were synthesized by the method reported earlier with a little modification [13, 15] . A hot solution of 3 mmol of the quercetin dihydrate in methanol (50 cm 3 ) was added dropwise to the stirred solution of 1 mmol of hydrated lanthanum chloride (for example) in methanol (50 cm 3 ). The reaction mixture was stirred constantly for 6 h at 1008C temperature on a hot plate, and the volume of the solution was reduced, then filtered and washed with chloroform. The solution was kept at room temperature for slow evaporation. Pale yellow color crystals were obtained and dried in vacuo over P 4 O 10 .
Synthesis
Preparation of Ln(quercetin)
Methods or physical measurements
Microanalysis (carbon and hydrogen) was carried out with a FI-SONS EA-1108 elemental analyzer. The metal content of the complexes was estimated by complexometric titration. Molar conductances of 10 73 M DMSO solution of the complexes were measured with an orion conductivity meter. The thermograms were recorded on a du Pont TA 2000 TGA machine under nitrogen atmosphere at a heating rate of 108C min 71 . Melting points (MP) were measured with a Gallen kamp MBF-595 apparatus. A shimadzu UV-2501PC spectrophotometer was used to obtain the electronic spectra in the region of 250 -700 nm in DMSO solvent. FTIR spectra in the 4000 -400 cm 71 regions were recorded from KBr pellets on a PerkinElmer Lambda-40B spectrophotometer.
1 H NMR chemical shift was measured in DMSO-d 6 solvent on a Bruker 300 MHz spectrophotometer. Molecular modeling studies on quercetin and its complex were carried out by using the software Hyperchem 7.51 professional version. 16 A. A. Ansari
Results and discussion
Elemental analysis, molar conductance, UV -vis, IR, TGA and 1 H NMR indicated the formation of a mononuclear lanthanide complex where one metal ion is bound with three quercetin molecules (figure 1). These results suggested that the complexes have the empirical formula [Ln(quercetin) 3 .xH 2 O] (where Ln ¼ La, Nd, Sm, Tb, Gd, Dy and Ho) (figure 2). These complexes are air stable and cannot be affected by air or moisture. The synthesis was carried out at room temperature and no precaution was taken to exclude moisture. Quercetin complexes are crystalline solids that have sharp melting points between the range of 290 and 3108C. These complexes do not show any trace of moisture (except La and Nd complexes). The complexes are soluble in polar organic solvents, but insoluble in non-polar solvents. All the metal complexes that exhibit low molar conductances behave as non-electrolytes in DMSO [29] (10 73 M solution).
Optical absorption spectral studies
The study of the fundamental absorption edge in the UV -visible region is a useful method for the investigation of optical absorption transitions in solution medium. The absorption spectra of the ligand and their eight complexes were recorded in methanol, DMF and DMSO solvents. The characteristic absorption peaks are given in [26, 30] owing to the strong absorption of quercetin ligand in the visible region. The quercetin ligand shows two absorption bands in methanol, DMF and DMSO solution spectrums [14, 16] , band I is due to the n-s*, n-p* and p -p* transitions, whereas band II represents ring B, due to n-s* and p -p* transitions [31, 32] . The explanation of the above two bands would be similar as that discussed for the analogous complexes [32] . The spectrum of the complexes exhibit an extra band of slight intensity in the middle of the two bands of ligand. The intensity of this extra band was different from that of these two bands (table 1). The presence of this extra band in the middle of the spectrum suggested that the solvent (DMSO) coordinates in the inner coordination sphere of the metal ion of the complexes. It is believed that DMSO enters the coordination sphere in the complex by replacing the hydroxyl group [OH (5)] without affecting the carbonyl group and phenolic OH(3) group to the metal ion in the complex(s). It is certain that DMSO could not displace any of the quercetin molecules from the complex, low molar Table 1 . UV -visible spectral data of quercetin complexes. conductance shows that the complexes are non-electrolytes in this solvent [15, 30] . But it is uncertain as to whether the number of DMSO molecules is associated to the metal ion in the complex. Gutmann has reported that DMSO has high electron pair donating ability to the metal ion in the complexes [33] . The results agreed with the reported literature [34, 35] , which suggested that the solvent coordinates to the metal ion in the complexes.
Infrared spectral studies
Infrared absorption spectra are found to be the most useful physical method for investigating and identifying functional groups. The characteristic IR absorption frequencies in the spectral range of 4000 -400 cm 71 were measured for free quercetin and their metal complexes. The IR absorption data are given in table 2. Comparison of quercetin absorption frequencies and their lanthanide (III) complexes provides positive indication that quercetin is involved in bonding to the metal ion. The IR absorption at 502 -478 cm 71 in the complexes is assignable to n(MÀ ÀO) [37, 38] . Two intense and broad bands around 3409 and 3292 cm 71 corresponding to n(OH) as and n(OH) s , respectively, and a medium intensity band around 1430 cm 71 corresponding to d(OH) are consistent with the presence of a high degree of hydration for almost all the complexes [36 -39] . This OH stretching has shifted to lower frequency (*100 cm 71 ) in the complexes spectrum compared with its free quercetin spectrum. The OH in-plane and out-of-plane having strong deformation vibrational bending modes in the free ligand appeared at 1014 and 822 cm 71 which were shifted after complex formation to medium sharp intensity at 1012 and 820 cm 71 in the case of La and Nd complexes [37, 38] . Moreover, the rest of the complexes exhibited these peaks at 1006 and 819 cm 71 with medium intensity. The small shift of IR absorption bending modes to lower frequency may be due to the presence of water molecules, and the high shift indicates coordination of hydroxyl group to the metal ion in the complexes (La and Nd complexes). The appearance of these bending vibrational modes in the spectrum of the complexes suggests that some hydroxyl groups remain uncoordinated. It means that the OH(3) group is losing H ion during the coordination and the OH(5) group participates in the coordination to the metal ion without losing H ion in the complexes. This was confirmed by the presence of bending modes in the spectrum of the complexes. In the IR spectrum of lanthanum complexes, the C¼O stretching band was more shifted to a lower frequency in comparison with the CÀ ÀOÀ ÀC stretching bands; this indicates that the nC¼O group takes part in the coordination of the metal ion in the complex. Of the skeletal vibrations, the nC¼C and nCÀ ÀC stretching absorptions lie in the region of 1611 -1000 cm 71 , and the deformation bands occur below 1000 cm 71 . The skeletal ring vibrational modes in the in-plane and out-of-plane deformations with medium IR absorption intensities in the region of 1000 -500 cm 71 characteristic frequencies were observed in the spectrum of complexes [40].
Thermal analysis
The thermal stability of lanthanide complexes was determined by thermo-gravimetric analysis between the temperature ranges of 30 and 6008C under a nitrogen atmosphere figure 3 ). The thermograms of La and Nd complexes were similar in shape and showed degradation of their constituents into three successive decomposition steps. The first inflexion point in the thermograms of La and Nd complexes appeared at 858C and 1008C with a weight loss of 5.6% and 5.2%, respectively, which corresponds to removal of three water molecules (calculated weight loss for three water molecules is 4.9% and 5.15%, respectively). A corresponding endothermic peak in the DTG curve was observed at this temperature. The elimination of water molecules at this temperature indicates that these water molecules are present outside the coordination sphere. This is supported by the peaks appearing at 1012 and 820 cm 71 in the IR spectra of the complexes. Other derivative curves were observed at 398 and 3978C with the weight loss of 44.9% and 44.0%, respectively, which is equivalent to two molecules of quercetin (calculated weight loss for two quercetin molecules is 55.08% and 57.44%, respectively). The thermograms revealed a third inflexion point at 449 and 4578C with the weight loss of 36.50 and 36.15%, respectively, which corresponds to that of the one molecule of quercetin (calculated weight loss for one molecule is 27.54 and 28.72%, respectively). The observed weight loss in the second DTA curve was less than the calculated weight loss due to the decomposition of the constituents. The decomposition of the third molecule of quercetin began without the complete removal of the second molecule of quercetin, which is also confirmed from the II inflexion point of the complexes that is more than one molecule of quercetin.
The thermograms of Pr, Sm, Tb, Dy and Ho complexes were analogous in shape to one another (figure 4). Only two major weight losses in the thermograms of these complexes occurred. The first inflexion point in the thermograms of the complexes appears in the temperature range of 339 -3928C with a corresponding peak in the DTG curve. The observed weight losses are in the range between 27.8 -38.8%, that is (8)]. However, the hydroxyl group proton-resonance shift of quercetin in La complex is opposite to higher field in comparison to the free ligand. The up field shifts of hydroxyl proton resonances probably due to the intermolecular hydrogen bonding between the hydroxyl groups. Proton H (8) is up field shifted due to the shielding effect (positive inductive effect) of the hetero-aromatic ring, indicating that the quinonolic carbonyl group is associated preferentially with the p-ring of the quercetin. In addition, the H(8) proton is reported to shift to high field in the case of transition metals because there is no interaction between hydrogen and metal ions [14] , but in the complex this interaction is not possible as the M-H distance is large. This is in agreement with our observed results. These protons, which are shifted to lower fields, are subjected to no perturbing influence other than the deshielding as expected from the electron withdrawing inductive effect of coordination. The shifts of hydroxyl group proton increase in diamagnetic lanthanum complex with increase in the distance of protons from the metal ion and it is larger for OH(7) proton and smaller for OH(4 0 ) in comparison to the free ligand.
The spectra of paramagnetic complexes are more interesting as compared with the diamagnetic complex as the quercetin proton resonances have been shifted to lower as well as up fields. In all the paramagnetic complexes, changes in chemical shifts of quercetin resonance are approximately equal. The magnitude and direction of such changes are a function of the central atom. The paramagnetic shifts are also given in table 4. From the literature reports [41] , electron delocalization in lanthanide complexes may be obtained from NMR studies of paramagnetic species, provided nuclear relaxation times are short enough to allow well-resolved spectra to be obtained. A large number of reports are available in literature [20] [21] [22] [23] [24] [25] [26] 41] about the paramagnetic shift (dipolar or pseudo-contact) in paramagnetic trivalent lanthanide complexes. The dipolar shift may arise from two sources, contact or pseudo-contact interactions when the paramagnetic centre is a rare earth ion; the pseudo-contact shift (dipolar) is expected to be substantial contributions, particularly in the absence of extensive conjugation. The quercetin proton resonances displayed larger dipolar shifts in paramagnetic complexes spectrum relative to their corresponding diamagnetic analogue. The pseudo-contact shifts and paramagnetic relaxation times are powerful sources for investigation of the geometrical information and region around a metal Molecular modeling of lanthanide quercetin complexes 23 Molecular modeling of lanthanide quercetin complexes 25 center, because both are strongly dependent on the distance between the nucleus and unpaired electrons spin, whereas pseudo-contact shifts have an additional angular dependence. However, in lanthanides, the radial extension of the 4f orbital is exceedingly small and the electrons in these orbitals are shielded from the ligand by s and p electrons. Consequently, contact interactions are greatly diminished and the induced chemical shifts arise predominantly from the dipolar mechanism [22, 26, 42] , which can provide information related to the geometrical configuration of the ligands of a metal ion in solution. Appearances of the broad resonance signals of quercetin protons in paramagnetic ions may be due to short electron spin relaxation time. In the praseodymium complex spectrum, aromatic ring protons of biphenolic ring are shifted to up field, whereas hetero-aromatic quinonolic ring protons and hydroxyl protons are oppositely shifted to lower field as compared with the diamagnetic lanthanum complex. Praseodymium generally induces up field shifts and, therefore, the resonances of complex have small isotropic shift in the proton spectrum [20, 21, 40, 41] . The proton resonances of quinonolic aromatic ring displayed least downfield shift. The shifts of hydroxyl proton resonance increases with increase in the distance of hydroxyl group from the metal ion and it is larger for OH(7) proton and OH(5 0 ) proton resonance is least shifted. In the case of neodymium and samarium complexes very contrasting results were obtained. The sign of resonance shift of the hydroxyl groups and aromatic ring protons are inverted relative to that observed for the praseodymium complex.
1 H NMR spectrum of the Nd(III) complex shows a strong up field shift of the OH(5), OH (4 0 and 3 0 ) and H(2 0 ) protons relative to the diamagnetic analogue, while these protons in samarium complex also show up field shift, but in comparison to Nd(III) the shift is smaller. The shifts of aromatic ring proton resonances in Nd(III) complex appear downfield in both rings. H(2 0 ) proton resonance in Nd(III) complex detected up field resonances are shifted to up field, however, H(9) and H(6) proton resonances shifted downfield. These up field as well as downfield shifts of the aromatic protons can be due to conversion of geometry during coordination of ligand to the metal ion. This kind of up field shift has been reported in the literature [42] , which has been calculated through ring current effect on the ligand protons of coordinated ligand. In the spectrum of Nd(III)-quercetin complex an additional signal of quercetin proton resonance was observed, which shifted to up field. This signal has an area corresponding to two protons, i.e. it must be due to meta and para hydroxyl protons of complexes coupled together.
Computational details
To study the coordination behaviour of quercetin molecule, molecular modeling studies were carried out by using Hyperchem 7.51 professional version [43] . Geometry optimization of quercetin was carried out via density functional theory with STO-3G (5) interacts weakly with lanthanide ion, which supports spectroscopic results (figure 9). A three dimensional energy minimized structure of Ln-tris(quercetin) was obtained with the aid of molecular mechanics (MM þ ) (figure 10).
